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ABSTRACT
Dark matter self-annihilation holds promise as one of the most robust mechanisms for the identifica-
tion of the particle responsible for the Universe’s missing mass. In this work, I examine the evolution
of the dark matter annihilation power produced by smooth and collapsed structures over cosmic time,
taking into account uncertainties in the structure of dark matter halos. As we search for observational
signatures of annihilation, an understanding of this time evolution will help us to best direct our
observational efforts, either with local measurements or investigation of the effects of annihilation on
the intergalactic medium at high redshift. As I show in this work, there are several key sources of
uncertainty in our ability to estimate the dark matter annihilation from collapsed structures, includ-
ing: the density profile of dark matter halos; the small-scale cut-off in the dark matter halo mass
function; the redshift-dependent mass-concentration relation for small halos; and the particle-velocity
dependence of the dark matter annihilation process. Varying assumptions about these quantities can
result in annihilation power predictions that differ by several orders of magnitude. These uncertainties
must be resolved, through a combination of observation and modeling, before robust estimations of
the cosmological annihilation signal can be made.
Subject headings: cosmology; dark matter; structure formation
1. INTRODUCTION
While it is widely accepted that dark matter makes
up the bulk of the mass in the Universe, the nature
of the dark matter particle is still unknown. Cur-
rently, dark matter identification efforts are faced
with a large set of inconclusive or contradictory re-
sults in experiments for indirect (Abdo et al. 2009;
Adriani et al. 2009; Aguilar et al. 2013) and direct
detection (Aalseth et al. 2011, 2013; Ahmed et al. 2009,
2010, 2011; Angle et al. 2008, 2011; Angloher et al.
2012; Armengaud et al. 2012; Bernabei et al. 2010;
Kelso et al. 2012; LUX Collaboration et al. 2013;
Savage et al. 2009). This confusing state of affairs
highlights the importance of seeking alternative probes
of dark matter’s properties. In this work, I discuss
the uncertainties and prospects of one promising av-
enue for exploration of dark matter: modelling the
consequences of dark matter annihilation on the local
baryonic medium in which dark matter halos reside
(Padmanabhan & Finkbeiner 2005; Furlanetto et al.
2006; Valde´s et al. 2012). The form and ultimate impact
of the energy deposition when annihilation occurs
in a baryonic medium depend strongly on density,
temperature, ionization state, and redshift. However,
it is nonetheless instructive to ask the question of how
much total annihilation power is being produced by
dark matter halos at a given redshift (per unit volume).
Knowing this evolution can be useful in determining
if there is a “sweet spot” in which to look for signs
of local energy injection, where the total annihilation
*kmack@unimelb.edu.au
1 School of Physics (David Caro Building), University of Mel-
bourne, Victoria 3010, Australia
2 ARC Centre of Excellence for All-sky Astrophysics (CAAS-
TRO)
3 ARC Centre of Excellence for Particle Physics at Terascale
(CoEPP)
power is higher than at other times in the evolution
of structure. Also, calculating this evolution is a first
step to understanding the overall impact of dark matter
annihilation on baryonic structures and the evolution of
stars and galaxies.
As I show in this paper, there are several major un-
certainties that must be addressed before this question
can be answered. Specifically, the form and abundance
of dark matter halos, especially at the lowest masses,
must be known in order for the annihilation power to
be determined. Since the structure of dark matter ha-
los is difficult to observe directly or to simulate at mass
scales below those of galaxy clusters, our knowledge of
low-mass structures is generally an extrapolation from
the properties of halos at higher masses (Coe 2010). The
choices made in these extrapolations over several orders
of magnitude strongly affect predictions of the annihila-
tion power produced, making it necessary to more care-
fully examine these assumptions before we can make ro-
bust predictions to apply to future observations. [For
an alternative approach to parameterizing these model
dependencies, see Serpico et al. (2012).]
This paper is structured as follows: In Section 2, I re-
view basic properties of dark matter annihilation and the
expected signal for smoothly distributed and collapsed
structures. In Section 3, I describe the dark matter halo
modelling I used in this work, with Sections 3.1, 3.2, 3.3
and 3.4 describing my modelling for the halo mass func-
tion, density profile, minimum mass cut-off, and mass-
concentration relations, respectively. Section 4 presents
the results of the modelling for different choices of dark
matter halo models, with Sections 4.1-4.4 following the
sequence of Sections 3.1-3.4. Secton 4.5 discusses the
full range of predictions for models considered here. In
Section 5, I discuss the implications of these results, with
Section 5.1 summarizing the effects of different halo mod-
els and Section 5.2 discussing how the consideration of
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a velocity-dependent annihilation rate would also affect
these predictions.
Throughout the work, I have assumed cosmological pa-
rameters derived from the first Planck cosmology release
(Planck Collaboration et al. 2013), using the derived cos-
mological parameter set “Planck+WP+highL+BAO,”
specifically: h = 0.6777, Ωb,0h
2 = 0.022161, Ωc,0h
2 =
0.11889, σ8 = 0.8288.
2. DARK MATTER ANNIHILATION
The annihilation rate per unit volume of weakly in-
teracting massive particle (WIMP) dark matter is pro-
portional to the square of the local dark matter den-
sity, as annihilation is a two-particle process. Following
Cirelli et al. (2009), I separate the dark matter annihila-
tion rate density A(z) into two components, a “smooth”
component Asm(z), accounting for annihilation in uncol-
lapsed regions, and a “structure” component Astruct(z),
accounting for annihilation that occurs within collapsed
halos:
Asm(z)=
〈σv〉
2m2χ
ρ2DM,0(1 + z)
6 (1)
Astruct(z)=
〈σv〉
2m2χ
∫ Mmax
Mmin
[
dn
dM
(z,M)(1 + z)3
∫
Vvir
ρ2DM(r, z,M)dV
]
dM (2)
where 〈σv〉 is the thermally averaged annihilation cross
section,mχ is the mass of the dark matter particle, ρDM,0
is the mean dark matter density at redshift 0, dndM (z,M)
is the comoving number density of halos of mass M [in
equation (2), the (1+ z)3 factor converts this to physical
density], and ρDM(r, z,M) represents the dark matter
halo radial density profile for a halo of massM at redshift
z. The limits of integration Mmin and Mmax over the
mass function are the minimum and maximum mass of
halos included in the calculation, and the volume integral
is over Vvir, the volume out to the virial radius.
To a first approximation, the two components can be
thought of as additive
A(z) ≈ Asm(z) +Astruct(z), (3)
though because the “smooth” component relies on the
globally averaged dark matter density, it also includes
the dark matter that is contained in halos. Therefore
simply adding the components both double-counts the
dark matter in halos and overestimates the mean density
of dark matter in voids. However, in most regimes, the
two components are not of similar magnitudes, so this
approximation is sufficient.
At redshift z, the volume-averaged power produced
from dark matter annihilation events can be calculated
as
P (z) = 2mχc
2A(z). (4)
For ease of comparison with other studies (e.g.
Padmanabhan & Finkbeiner 2005; Furlanetto et al.
2006), it is useful to state this as energy output per
second per hydrogen nucleus: PH(z) = P (z)/nH(z)
. To a good approximation, the number density
of hydrogen nuclei at redshift z can be written as
nH(z) = Ωb,0ρcrit,0(1 − Yp)(1 + z)
3/mH where Ωb,0 is
the present-day baryon density parameter, ρcrit,0 is the
present-day critical density, Yp = 0.2477 is the primor-
dial mass fraction of helium (Planck Collaboration et al.
2013), and mH is the mass of the proton. Note that the
main results here are stated in terms of h4 due to the
scaling of masses and volumes in the halo mass functions
used here.
3. HALO MODEL
In order to calculate the annihilation rate of dark mat-
ter in collapsed structures using equation 2, we must have
models for:
• Dark matter particle properties 〈σv〉 and mχ
• Halo mass function dndM (z,M)
• Minimum and maximum mass cut-offs Mmin and
Mmax
• Halo density profile ρ2DM(r, z,M)
• Mass-concentration relation c(z,M)
As I will discuss in the sections below, there are large
and important uncertainties in each of these properties
that make an estimate of the annihilation output of dark
matter from collapsed structures difficult. My aim in this
work is to demonstrate the magnitude of these uncertain-
ties using some plausible examples and boundary cases
and show how they affect estimates of the dark matter
annihilation power.
3.1. Halo mass function
In this work, I use the mass functions generated by the
“genmf.f” mass-function code developed by Reed et al.
(2007)4. For the purpose of showing a range of possible
outcomes, I consider three different mass functions:
• Reed et al. (2007)
• Press & Schechter (1974) (“Press-Schechter”)
• Sheth & Tormen (1999) (“Sheth-Tormen”)
These mass functions are chosen because they have been
shown to match simulations and observations to a good
level of accuracy for a wide range of scales. In all cases,
however, the mass function is extrapolated far beyond
the range at which we have the means to test or consis-
tently simulate it. As I will discuss below, the lowest-
mass halos have a strong effect on the dark matter anni-
hilation signal, and with all three mass functions it has
been necessary to assume a simple power-law extrapola-
tion to model masses below about 105 M⊙.
3.2. Halo density profile
Because dark matter annihilation is a density-squared
effect, the form of the halo density profile can affect
the energy output even if all models have the same av-
erage density (mass M within the virial radius rvir).
In this work, I have considered three density profiles
commonly applied to dark matter halos: the Navarro,
4 The code is publicly available online at
http://icc.dur.ac.uk/Research/PublicDownloads/genmf readme.html
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Frenk & White (NFW) profile (Navarro et al. 1996), the
Einasto profile (Einasto 1965; Merritt et al. 2006), and
the “cored” Burkert profile (Burkert 1995). The func-
tional form of the NFW profile is:
ρNFW(r) =
ρs(z,M)
r
rs(z,M)
(
1 + r
rs(z,M)
)2 (5)
where ρs(z,M) is the density normalization and rs(z,M)
is the scale radius. For the Einasto profile, I use the form
ρEin(r) = ρE,0(z,M) exp
(
−
2
αE
[(
r
rs(z,M)
)αE
− 1
])
(6)
where ρE,0(z,M) is the density normalization and αE is
taken to be 0.17. Both these density profiles are nor-
malized such that the total dark matter mass within the
virial radius rvir(z,M) isM . As I show below, the choice
between these two halo profiles does not have a strong ef-
fect on the overall annihilation signal, as they have been
chosen to match observational properties of high-mass
dark matter halos, which are generally found to be sim-
ilar to NFW profiles.
A complication when it comes to choosing a dark mat-
ter halo density profile is the possibility that baryonic
effects such as supernova feedback can alter the inner
density profiles of halos, in some cases creating “cored”
halos in which the density reaches a plateau in the inner
regions (Pontzen & Governato 2012). The fact that an-
nihilation power depends on the square of the dark mat-
ter density suggests that the shape of the inner profile
can strongly influence the overall annihilation output of
halos. Other work by Duffy et al. (2010) suggests that in
some cases, baryonic physics can increase concentrations
in dark matter halos. A better understanding of the role
of baryonic feedback in shaping dark matter halos will be
necessary for the reliable prediction of the annihilation
power over a wide range of masses.
To show how a cored profile could reduce the annihila-
tion signal, I consider the Burkert profile (Burkert 1995)
as an example:
ρBurk(r) =
ρB,0(z,M)(
1 + r
r0
)(
1 +
(
r
r0
)2) (7)
where r0 = rvir/3.4 and ρB,0 is the density normalization,
also chosen so that the total dark matter mass within
the virial radius rvir(z,M) is M . To account for the
possibility that cored profiles result only from baryonic
feedback effects, I consider two cases: one in which all
halos follow equation (7), and one in which only halos
above 1 solar mass have cores (and the rest follow the
NFW profile). As will be seen, the latter case, mimicking
cored profiles arising from feedback, has little effect on
the total annihilation signal.
Some authors have suggested that the form of the den-
sity profile derives fundamentally from the halo’s ac-
cretion history (Ludlow et al. 2013b; Angulo & White
2009). If this is the case, small halos that have not built
up by accretion, or that have had very different accre-
tion histories, should not be expected to follow the stan-
dard (e.g. NFW) density profiles [but see also Huss et al.
(1999)]. Modelling by Ishiyama et al. (2010) suggests mi-
crohalo inner profiles can be steeper than NFW. The
uncertainty in the applicability of NFW-type halo pro-
files at low masses or for differing formation histories
highlights the need for more detailed simulations of dark
matter halos at the smallest masses. As I show below,
the annihilation signal from the smallest-mass halos has
a large effect on the total power output, and it is also
the regime in which our modeling is, at present, least
reliable.
3.3. Minimum mass of dark matter halos
A calculation of dark matter annihilation requires the
inclusion of halos down to the lowest mass at which col-
lapsed structures form and persist. This scale is difficult
to determine with precision, as it depends upon (1) the
primordial power spectrum, (2) the dark matter particle
species, (3) the particle mass, and (4) the ability of these
microhalos to persist as collapsed objects when subjected
to tidal forces during hierarchical merging (Bringmann
2009). Warm dark matter (WDM) models can alter the
minimum mass drastically, but even for cold dark mat-
ter, estimates vary widely; Bringmann (2009) suggests a
range from 10−11 M⊙ to 10
−4 M⊙, based on considering
both the free-streaming scale Mfs and the acoustic oscil-
lation scale Mao. Looking specifically at neutralino dark
matter, Angulo & White (2009) find a cut-off at 10−8
M⊙ for particles with masses mχ = 100 GeV, with lower
cut-off scales for higher-mass particles. Since my calcula-
tion has assumed primordial matter power spectra which
extend in principle to arbitrarily low masses, the cut-off
due to particle properties of dark matter determines the
abundance of the most numerous halos in the Universe.
As I will show below, the choice of a low-mass cut-off has
a strong effect on the annihilation output, especially at
high redshifts. Because the most massive halos are rare,
the maximum mass of halos above galaxy scales does not
have a significant effect on the total power output.
Previous works [e.g. Schneider et al. (2010)] have ex-
plored the effect of microhalo-scale dark matter struc-
tures on the annihilation signal in the context of indi-
rect detection and found it to be negligible. It is im-
portant to note a key difference between the limits that
could be derived from near-term indirect detection ex-
periments and the scenario I explore here. In indirect
detection, it is necessary to find a source of a substantial
radiation flux in a compact region in order to make the
radiation detectable. In this context, small and poten-
tially isolated microhalos produce a radiation flux that is
too diffuse to be detected from a distance and removed
from the background. Similar microhalos can, however,
have a substantial effect on the baryons in their immedi-
ate surroundings, and the local energy injection depends
strongly on the abundance and size of the dark mat-
ter halos. The effects of numerous microhalos at high
redshift could contribute to the radiation background
and to the heating of local gas in ways that are po-
tentially detectable with observations of the integrated
free-electron optical depth to the cosmic microwave back-
ground (CMB) (Padmanabhan & Finkbeiner 2005) or
with future observations of the 21cm signal of neutral
hydrogen (Furlanetto et al. 2006; Cirelli et al. 2009).
Because the cut-off scale for cold dark matter is highly
dependent on the dark matter model, in this work, I
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consider the cut-offsMmin = 10
−6 M⊙ andMmin = 10
−9
M⊙ as example cases to show the general behavior of
varying the cut-off scale.
If dark matter is not cold and collisionless, this would
also have a strong effect on the abundance of small-scale
halos. Diffusion of dark matter out of the smallest ha-
los (in the case of warm dark matter) or the existence
of a pressure (in the case of self-interacting dark mat-
ter) would result in a cut-off in the power spectrum at
small masses, reducing the annihilation signal and po-
tentially also affecting the build-up of larger halos via
accretion. There are some models of WDM that predict
self-annihilation (Yuan et al. 2012), so I will also consider
how a lower-mass cut-off appropriate to WDM models
would affect the annihilation signal. In fitting with cur-
rent limits on WDM effects from Viel et al. (2013), I ex-
amine cases with Mmin = 10
3 M⊙ and Mmin = 10
7 M⊙.
3.4. Mass-concentration relation
The concentration parameter determines how concen-
trated the dark matter is toward the center of a given
halo, and is usually defined as c = rvir/rs where rs is
the halo’s scale radius. While the mean density of two
halos of mass M and radius rvir are identical, changes in
the concentration parameter can result in changes to the
mean squared density, thus changing the dark matter an-
nihilation radiation output via the ρ2DM term in equation
(2). Thus the redshift-dependent mass-concentration re-
lation, c(z,M), has a strong effect on the annihilation
power output for a given halo model.
I have considered four example cases of mass-
concentration relations. Three relations are chosen to be
limiting cases [discussed in the review by Coe (2010)],
with very different normalizations and slopes, having
been derived from observations of high-mass dark mat-
ter halos and simulations of low-mass dark matter halos,
respectively. The first mass-concentration relation, from
Comerford & Natarajan (2007), is derived from observa-
tions of cluster-mass halos:
cCN (z,M) =
(
14.5
1 + z
)(
M
1.3× 1013h−1M⊙
)−0.15
. (8)
The second, from Duffy et al. (2008), is based on numer-
ical simulations down to galaxy mass scales, and has a
shallower dependence on both mass and redshift as well
as a lower normalization:
cD(z,M) =
(
7.85
(1 + z)0.71
)(
M
2× 1012h−1M⊙
)−0.081
.
(9)
Based on the discussion in Duffy et al. (2008), I also con-
sider a mass-concentration relation based on simulations
of halos at redshifts greater than 2 (see Figure 2 in that
work), in which I assume an altered version of equation
9 in which the concentration has no mass dependence:
cflat(z,M) =
7.85
(1 + z)0.71
. (10)
This relation, as well as that derived from
Comerford & Natarajan (2007) is chosen to demonstrate
a limiting case rather than to correspond to a proposed
model. It should be noted that the mass-concentration
relations of all the cases considered are extrapolated at
least 15 orders of magnitude below the masses at which
they were derived.
I also consider the mass-concentration relation pro-
posed by Ludlow et al. (2013a), which is based on
an examination of halos in the Millennium Simula-
tion (Springel et al. 2005; Boylan-Kolchin et al. 2009;
Angulo et al. 2012; Ludlow et al. 2013b). While the rela-
tion is modeled self-consistently down to very low masses,
it is based only on relaxed halos in the simulation, and
therefore is not necessarily a good approximation at high
redshift, where a smaller proportion of halos are relaxed.
The derivation of the mass-concentration is discussed in
Ludlow et al. (2013a); I use a fitting function in this
work. More detailed modelling of the mass-concentration
of dark matter microhalos will be necessary to make rig-
orous predictions of the annihilation output of dark mat-
ter, which is strongly influenced by the smallest halos.
In Figure 1, I plot all four mass-concentration relations
at redshift 0. In grey, I have shaded in the mass range
roughly corresponding to the maximum range where
available data make observational comparisons possible.
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Fig. 1.— Mass-concentration relations used in this work. The
solid (black) line corresponds to the relation in equation (9), from
Duffy et al. (2008); the dashed (red) line corresponds to the rela-
tion in equation (8) from Comerford & Natarajan (2007); the dot-
ted (blue) line corresponds to the relation in equation (10) derived
from the high-redshift (z > 2) sample of Duffy et al. (2008), and
the dot-dashed (orange) line corresponds to the relation derived
from Ludlow et al. (2013a). The mass range shaded in grey corre-
sponds roughly to the maximum extent where available data make
observational comparisons possible; the first three relations have
been extrapolated many orders of magnitude below their stated
range of validity for the purpose of the calculation in this paper.
See Coe (2010)’s Figure 6 for comparison.
4. RESULTS
To illustrate the range of possible predictions for dark
matter annihilation power over a range of redshifts, I
show, below, the annihilation power calculated for vari-
ations on a fiducial model which assumes the following:
• A dark matter model with 〈σv〉 = 10−26 cm3/s and
mχ =100 GeV
• The halo mass function of Reed et al. (2007)
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• A minimum and maximum mass of Mmin = 10
−9
M⊙ and Mmax = 10
17 M⊙, respectively
• An NFW halo density profile [equation (5)]
• The mass-concentration relation in equation (9)
from Duffy et al. (2008)
This fiducial model is plotted in Figure 2. As can be seen
in the plot, the influence of collapsed structures on the
annihilation power becomes dominant over the smooth
component at late times as structure formation proceeds.
The annihilation power from the structure component
peaks around the redshift of primordial star formation
(roughly between redshifts 10 and 40), at which point
it is almost four orders of magnitude stronger than the
smooth component. This highlights the importance of
understanding both the nature of dark matter clustering
and the effects of annihilation on the pre-reionization in-
tergalactic medium. Annihilation occurring in the first
protogalaxies might have strong effects on the progress of
star formation and reionization, given the pristine state
of the gas and the rarity of astrophysical heating sources.
I will be explore this possibility further in future work.
The power output scales directly with the quantity
〈σv〉/m2χ, so the results for other dark matter masses
and cross-sections can be straightforwardly derived from
the results shown in Figures 2-6.
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Fig. 2.— Mean power output per hydrogen nucleus from dark
matter annihilation as a function of redshift for the “fiducial”
model. This model assumes 〈σv〉 = 10−26 cm3/s, mχ =100 GeV,
the Reed et al. (2007) halo mass function, a minimum and maxi-
mum mass of Mmin = 10
−9 M⊙ and Mmax = 1017 M⊙, respec-
tively, an NFW halo density profile, and the mass-concentration
relation given in equation (9). The black curve is the “smooth”
component [equation (1)], the red curve is the “structure” com-
ponent [equation (2)] and the blue curve is the sum of the two
components. (Color figures are available in the online version.)
4.1. Influence of mass function
In Figure 3, I show how the choice of halo mass func-
tion affects the prediction for the annihilation power as
a function of redshift. The largest differences between
the mass functions occur at very high redshift (z & 80)
where the smooth component of the annihilation con-
tribution dominates. Even around the redshift of early
star formation, however (z ∼ 10− 40), the choice among
these standard mass functions can alter the annihilation
signal by a factor of 3-4. Alterations in the mass func-
tion can also change the redshift at which the structure
component begins to dominate over the smooth compo-
nent, shifting the transition by ∆z ≈ 10 between the
Press-Schechter and Sheth-Tormen cases.
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Fig. 3.— Mean power output per hydrogen nucleus from dark
matter annihilation as a function of redshift for the “fiducial”
model (Reed et al. (2007) halo mass function, solid curves) com-
pared with models using the Press-Schechter mass function (dashed
curves) and the Sheth-Tormen mass function (dotted curves). All
models assume 〈σv〉 = 10−26 cm3/s, mχ =100 GeV, a minimum
and maximum mass of Mmin = 10
−9 M⊙ and Mmax = 1017
M⊙, respectively, an NFW halo density profile, and the mass-
concentration relation given in equation (9). Curve colors are as
in Figure 2.
4.2. Influence of dark matter halo density profile
In this study, I consider three forms for the density pro-
file that have been proposed as fits to the dark matter
profiles of galaxies and clusters – these are plotted in Fig-
ure 4. For the NFW and Einasto profiles (which are very
similar), the exact form of the density profile does not
have a strong effect on the annihilation power produced
by dark matter halos over most of cosmic history. How-
ever, at the lowest redshifts, a difference of up to a factor
of 3 can be seen. When all halos have the cored Burkert
profile, a dramatic decrease in annihilation power can be
seen.
As discussed in Section 3.2, baryonic feedback effects
can also strongly affect the density profiles of dark mat-
ter halos, as illustrated by Pontzen & Governato (2012);
Duffy et al. (2010); and others. To account for the possi-
bility that cores come about only through baryonic feed-
back, and therefore should not be expected to occur in
small halos that do not contain a significant amount of
baryonic activity such as star formation, I also plot a case
in which halos above 1 M⊙ have the Burkert profile, while
halos below this mass have the NFW profile. While this
is an arbitrary transition point, it serves to illustrate that
feedback effects only acting on massive halos would not
significantly alter the dark matter annihilation power. In
Figure 4 below, the “feedback” case with cores only in
high-mass halos is virtually indistinguishable from the
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fiducial model. (A very slight difference can be seen at
the lowest redshifts in this plot.)
Alterations in the shape of the central density peak
coming about through the consideration of warm dark
matter models or considerations of alternative formation
mechanisms could also significantly alter the annihilation
signal. In general, the first would likely decrease the an-
nihilation power by decreasing the central density of the
dark matter halos. To determine the effects of alternative
formation mechanisms (especially for the smallest halos),
more detailed numerical simulations will be needed, and
it may be necessary to consider a wider range of density
profiles.
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Fig. 4.— Mean power output per hydrogen nucleus from dark
matter annihilation as a function of redshift for the “fiducial”
model (NFW profile, solid curves) compared to models using the
Einasto profile (dashed curves), Burkert profile (dotted curves),
and a “feedback” model in which halos above 1 M⊙ follow the
Burkert model and halos below follow the NFWmodel (dot-dashed
curves). All models assume 〈σv〉 = 10−26 cm3/s, mχ =100 GeV,
the Reed et al. (2007) halo mass function, a minimum and maxi-
mum mass of Mmin = 10
−9 M⊙ and Mmax = 1017 M⊙, respec-
tively, and the mass-concentration relation given in equation (9).
Curve colors are as in Figure 2.
4.3. Influence of minimum mass of dark matter halos
Figure 5 shows the influence of changing the minimum
mass of dark matter halos from that of the fiducial cold
dark matter model (10−9 M⊙) to an alternative value of
10−6 M⊙, as well as WDM cases with cut-offs at 10
3 M⊙
and 107 M⊙. As the plot indicates, the lower-mass cut-
off of the matter power spectrum has a strong effect on
the annihilation power, especially at early times. This
is due to the fact that small-mass halos begin forming
at high redshift and dominate the halo populations at
all times. The strongest differences are at the earliest
times; there, the structure component of the annihila-
tion power changes by many orders of magnitude depend-
ing on the lower-mass cut-off chosen, though at redshifts
above about 80, the smooth component dominates the
signal for all models. Even if the signal is dominated by
the smooth component, however, this high-redshift dif-
ference may be important for the local effect it can have
on baryons in the first collapsed halos.
Considering just cold dark matter, the lower-mass cut-
off can shift the redshift at which collapsed halos dom-
inate the annihilation power by ∆z ∼ 35, from z ≈ 80
in the fiducial case to z ≈ 45 in the Mmin = 10
−6 M⊙
case. At z ≈ 35, when the collapsed component dom-
inates in both cases, the difference between the power
output predictions is approximately two orders of mag-
nitude. Even at the lowest redshifts, assuming the larger
value for the lower-mass cut-off decreases the expected
annihilation power by a factor of at least 3.
When WDM is considered, the differences are much
more pronounced. In the most extreme case, where a cut-
off occurs at 107 M⊙, the structure component doesn’t
dominate the signal until the epoch of star formation
has already begun, at redshifts around 20. Of course,
with warm dark matter models, the formation of stars
and galaxies is also altered from the fiducial case by the
delayed collapse of structures.
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Fig. 5.— Mean power output per hydrogen nucleus from dark
matter annihilation as a function of redshift for the “fiducial” cold
dark matter model (Mmin = 10
−9, solid curves) compared to a
model with a lower mass cut-off of Mmin = 10
−6 M⊙ (dashed
curves). Also plotted are warm dark matter cases with lower-
mass cut-offs of 103 M⊙ (dotted curves) and 107 M⊙ (dash-dotted
curves). All models assume 〈σv〉 = 10−26 cm3/s, mχ =100 GeV,
the Reed et al. (2007) halo mass function, an NFW halo density
profile, and the mass-concentration relation given in equation (9).
Curve colors are as in Figure 2.
4.4. Influence of mass-concentration relation
Mass-concentration relations are important for predic-
tions of the dark matter annihilation power. As the con-
centration determines the central density of a halo, it is
clear that the annihilation power, which depends on the
square of the density, should be strongly affected.
As can be seen in Figure 6, using the relation from
Comerford & Natarajan (2007) [equation (8)] predicts an
annihilation power that is between two and four orders
of magnitude larger than the fiducial case. This relation,
derived from observations of the dark matter in clusters,
should not be considered to be the most likely mass-
concentration relation for small halos, but it serves to il-
lustrate how important the choice of mass-concentration
relations can be for these predictions.
Taking a flat mass-concentration relation from
Duffy et al. (2008) shows the limiting case in which the
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concentration of halos does not evolve at all with mass
but only with redshift. Because the smallest halos are
the most numerous, removing (or shallowing) the depen-
dence of the mass-concentration relation on mass reduces
the annihilation power below the fiducial case. In this
example, assuming a flat mass-concentration relation re-
sults in a difference of approximately two orders of mag-
nitude in the epoch of early star formation. These alter-
ations in the mass-concentration relation also alter the
redshift at which the structure component of the anni-
hilation power begins to dominate, from z ≈ 110 in the
Comerford & Natarajan (2007) case, to z ≈ 80 in the
fiducial case, to z ≈ 50 in the flat case.
The simulation-derived mass-concentration relation
from Ludlow et al. (2013a) results in a behavior very sim-
ilar to that of the flat mass-concentration relation, but
with approximately an order of magnitude more power
at most redshifts. In this case, the structure component
begins to dominate at z ≈ 60.
0 20 40 60 80 100 120 14010
-24
10-22
10-20
10-18
10-16
10-14
10-12
redshift
eV
s
H
h4
Fig. 6.— Mean power output per hydrogen nucleus from dark
matter annihilation as a function of redshift for the “fiducial”
model [mass-concentration relation given in equation (9), solid
lines] compared to models with the mass-concentration relations
given in equation (8) (dashed curves) and (10) (dotted curves), and
from Ludlow et al. (2013a) (dot-dashed curves). All models assume
〈σv〉 = 10−26 cm3/s, mχ =100 GeV, the Reed et al. (2007) halo
mass function, a minimum and maximum mass of Mmin = 10
−9
M⊙ andMmax = 1017 M⊙, respectively, and an NFW halo density
profile. Curve colors are as in Figure 2.
4.5. Range of predictions
In Figure 7 below, I plot all the models discussed here
in one figure to illustrate the full range of predictions.
Note that in principle, plausible models could even lie
outside this range, as I have not plotted all possible per-
mutations of the halo parameters. This figure thus serves
to illustrate a few instances of the broad range of annihi-
lation power predictions possible with varying assump-
tions about cold dark matter halo properties. Because
the WDM cases are qualitatively distinct, I include them
as the thin dashed lines that extend outside the shaded
region.
5. DISCUSSION
5.1. Halo properties and modelling
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Fig. 7.— Mean power output per hydrogen nucleus from dark
matter annihilation as a function of redshift for the “fiducial”
model (black solid line) compared to all cold dark matter mod-
els shown in Figures 3-6 above (red solid lines). The black dashed
line represents the “smooth” component annihilation (which does
not depend on the halo model), and the red shading shows the
range of annihilation power predictions possible in the cold dark
matter models considered here. The WDM cases are included in
the thin dashed lines that extend outside the shaded region.
The aim of this work is to demonstrate the range of pre-
dictions possible for the dark matter annihilation power
history when generic assumptions about dark matter ha-
los are extrapolated to all relevant mass ranges. The
form, distribution, evolution and mass scalings of dark
matter halos are all integral to a prediction of the an-
nihilation power, especially for the lowest masses. Un-
fortunately, the lowest masses are the least accessible to
observations, necessitating numerical simulations and/or
extrapolations across many orders of magnitude in halo
mass. As demonstrated by the above results, some of the
important remaining questions include:
1. What form does the dark matter mass function as-
sume?
2. How massive are the smallest collapsed halos, and
do they survive to the present day?
3. How do dark matter density profiles evolve with
mass and redshift?
These questions, as can be seen in the figures above,
have strong effects on our predictions for the dark mat-
ter annihilation power, which complicates attempts to
determine (or place limits on) the dark matter mass and
cross-section from observations. Since an understanding
of the annihilation energy input in the evolving inter-
galactic medium at high redshift can give us insight into
the radiation and temperature environment in which the
first stars and galaxies were forming, this calculation is
a potentially highly consequential one.
5.2. Velocity dependence of annihilation
Although I have not explored it in this work, the veloc-
ity dependence of dark matter annihilation can also af-
fect our predictions for the annihilation power and thus
constitutes an important additional uncertainty. It is
standard to assume that the quantity 〈σv〉 is a constant
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(as is the case for the canonical WIMP), so the relative
velocity of dark matter particles does not affect the prob-
ability of an annihilation event. However, some theories
call for an annihilation rate that is enhanced at either
high or low particle velocities (for discussions of con-
sequences and mechanisms of these enhancements, see,
e.g. Kuhlen et al. 2012; Zavala et al. 2011; Galli et al.
2009; Kamionkowski et al. 2010; Robertson & Zentner
2009; Tulin et al. 2013). One example is the Sommerfeld
enhancement (Arkani-Hamed et al. 2009; Hisano et al.
2004; Lattanzi & Silk 2009), sometimes invoked to recon-
cile dark matter models with cosmic ray experiment sig-
nals, which increases the annihilation rate when the dark
matter particles are at low velocities. Such an enhance-
ment would decrease the annihilation rate in the very
early universe relative to today, allowing a higher cross
section to be consistent with both the freeze-out scenario
and local hints of possible annihilation signatures. If
taken into account here, this enhancement would increase
the importance of the “smooth” component of the anni-
hilation power relative to that of the “structure” compo-
nent, resulting in implications for the effects of annihila-
tion on gas at high redshift.
Another possibility is that the annihilation rate is
enhanced when relative particle velocities are high, as
would occur in p-wave annihilation scenarios (Drees
1993). This would have an effect opposite to the Som-
merfeld enhancement, in that the annihilation in col-
lapsed (virialized) structures would increase in impor-
tance relative to the annihilation in the smooth dark
matter background.
Dropping the assumption that 〈σv〉 is constant is there-
fore an important possibility to explore in future predic-
tions of dark matter annihilation’s affects on the local
gas in halos and in the intergalactic medium. A fur-
ther complication of these issues comes with the consid-
eration of streams and caustics. Caustic structures in
dark matter halos can potentially enhance the annihila-
tion signal on small scales (Sikivie 1998; Bergstro¨m et al.
2001), since the ρ2-dependence of the annihilation power
results in a higher total annihilation power in strongly
inhomogeneous halos than in smooth halos of the same
average density. Caustics are notoriously difficult to re-
liably simulate, though there have been some claims of
robust simulations recently (see, e.g. Abel et al. 2012).
The phenomenon of caustics highlights another poten-
tially significant small-scale issue in dark matter halos,
which is that the inability of cold dark matter to viri-
alize can result in the long-term persistence of streams.
Unlike baryonic halos, in which the velocities of particles
get well mixed through dissipative particle interactions,
dark matter halos can retain particle streams originating
from accretion and merger events. This results in a com-
plicated phase-space structure in dark matter halos. Not
only does this allow for the formation of caustics, it also
creates an inhomogeneity in the velocity structure that
can enhance or reduce the annihilation signal if veloc-
ity dependences are considered. I will be exploring this
scenario in more detail in future work.
I would like to thank Stuart Wyithe for discussions
that contributed to this work, Aaron Ludlow for fit-
ting functions and discussion of his simulated mass-
concentration relations, Alan Duffy for valuable in-
sight into mass-concentration relations in general, and
Nicole Bell, Jeffrey Cooke, Douglas Finkbeiner, Andrew
Melatos, Andrew Pontzen, Gregory Poole and Mark Vo-
gelsberger for many helpful discussions. This work was
supported by an Australian Research Council Discovery
Early Career Researcher Award.
REFERENCES
Aalseth, C. E., Barbeau, P. S., Colaresi, J., et al. 2011, Physical
Review Letters, 107, 141301
—. 2013, Physical Review D, 88, 012002
Abdo, A., Ackermann, M., Ajello, M., et al. 2009, Physical
Review Letters, 102, 181101
Abel, T., Hahn, O., & Kaehler, R. 2012, Monthly Notices of the
Royal Astronomical Society, 427, 61
Adriani, O., Barbarino, G. C., Bazilevskaya, G. A., et al. 2009,
Nature, 458, 607
Aguilar, M., Alberti, G., Alpat, B., et al. 2013, Physical Review
Letters, 110, 141102
Ahmed, Z., Akerib, D. S., Arrenberg, S., et al. 2009, Physical
Review Letters, 102, 011301
—. 2010, Science, 327, 1619
—. 2011, Physical Review Letters, 106, 131302
Angle, J., Aprile, E., Arneodo, F., et al. 2008, Physical Review
Letters, 101, 091301
—. 2011, Physical Review Letters, 107, 051301
Angloher, G., Bauer, M., Bavykina, I., et al. 2012, The European
Physical Journal C, 72, 1971
Angulo, R. E., Springel, V., White, S. D. M., et al. 2012, Monthly
Notices of the Royal Astronomical Society, 426, 2046
Angulo, R. E. & White, S. D. M. 2009, 7
Arkani-Hamed, N., Finkbeiner, D., Slatyer, T., & Weiner, N.
2009, Physical Review D, 79, 015014
Armengaud, E., Augier, C., Benoˆıt, A., et al. 2012, Physical
Review D, 86, 051701
Bergstro¨m, L., Edsjo¨, J., & Gunnarsson, C. 2001, Physical
Review D, 63, 083515
Bernabei, R., Belli, P., Cappella, F., et al. 2010, The European
Physical Journal C, 67, 39
Boylan-Kolchin, M., Springel, V., White, S. D. M., Jenkins, A., &
Lemson, G. 2009, Monthly Notices of the Royal Astronomical
Society, 398, 1150
Bringmann, T. 2009, New Journal of Physics, 11, 105027
Burkert, A. 1995, The Astrophysical Journal, 447, L25
Cirelli, M., Iocco, F., & Panci, P. 2009, Journal of Cosmology and
Astroparticle Physics, 2009, 009
Coe, D. 2010, arXiv preprint arXiv:1005.0411
Comerford, J. M. & Natarajan, P. 2007, Monthly Notices of the
Royal Astronomical Society, 379, 190
Drees, M. 1993, Physical Review D, 47, 376
Duffy, A. R., Schaye, J., Kay, S. T., & Dalla Vecchia, C. 2008,
Monthly Notices of the Royal Astronomical Society: Letters,
390, L64
Duffy, A. R., Schaye, J., Kay, S. T., et al. 2010, Monthly Notices
of the Royal Astronomical Society, 405, 2161
Einasto, J. 1965, Trudy Astrofizicheskogo Instituta Alma-Ata, 5,
87
Furlanetto, S., Oh, S., & Pierpaoli, E. 2006, Physical Review D,
74, 103502
Galli, S., Iocco, F., Bertone, G., & Melchiorri, A. 2009, Physical
Review D, 80, 023505
Hisano, J., Matsumoto, S., & Nojiri, M. 2004, Physical Review
Letters, 92, 031303
Huss, A., Jain, B., & Steinmetz, M. 1999, The Astrophysical
Journal, 517, 64
Ishiyama, T., Makino, J., & Ebisuzaki, T. 2010, The
Astrophysical Journal, 723, L195
Kamionkowski, M., Koushiappas, S. M., & Kuhlen, M. 2010,
Physical Review D, 81, 043532
Dark Matter Annihilation Over Cosmic Time 9
Kelso, C., Hooper, D., & Buckley, M. R. 2012, Physical Review
D, 85, 043515
Kuhlen, M., Vogelsberger, M., & Angulo, R. 2012, Physics of the
Dark Universe, 1, 50
Lattanzi, M. & Silk, J. 2009, Physical Review D, 79, 083523
Ludlow, A. D., Navarro, J. F., Angulo, R. E., et al. 2013a, 13
Ludlow, A. D., Navarro, J. F., Boylan-Kolchin, M., et al. 2013b,
Monthly Notices of the Royal Astronomical Society, 432, 1103
LUX Collaboration, Akerib, D. S., Araujo, H. M., et al. 2013
Merritt, D., Graham, A., Moore, B., Diemand, J., & Terzic´, B.
2006, The Astronomical Journal, 132, 2685
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, The
Astrophysical Journal, 490, 493
Padmanabhan, N. & Finkbeiner, D. 2005, Physical Review D, 72,
23508
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2013,
arXiv preprint arXiv:1303.5076
Pontzen, A. & Governato, F. 2012, Monthly Notices of the Royal
Astronomical Society, 421, 3464
Press, W. H. & Schechter, P. 1974, The Astrophysical Journal,
187, 425
Reed, D. S., Bower, R., Frenk, C. S., Jenkins, A., & Theuns, T.
2007, Monthly Notices of the Royal Astronomical Society, 374,
2
Robertson, B. & Zentner, A. 2009, Physical Review D, 79, 083525
Savage, C., Gelmini, G., Gondolo, P., & Freese, K. 2009, Journal
of Cosmology and Astroparticle Physics, 2009, 010
Schneider, A., Krauss, L., & Moore, B. 2010, Physical Review D,
82, 063525
Serpico, P. D., Sefusatti, E., Gustafsson, M., & Zaharijas, G.
2012, Monthly Notices of the Royal Astronomical Society:
Letters, 421, L87
Sheth, R. K. & Tormen, G. 1999, Monthly Notices of the Royal
Astronomical Society, 308, 119
Sikivie, P. 1998, Physics Letters B, 432, 139
Springel, V., White, S. D. M., Jenkins, A., et al. 2005, Nature,
435, 629
Tulin, S., Yu, H.-B., & Zurek, K. M. 2013, Physical Review
Letters, 110, 111301
Valde´s, M., Evoli, C., Mesinger, A., Ferrara, A., & Yoshida, N.
2012, Monthly Notices of the Royal Astronomical Society, 429,
13
Viel, M., Becker, G. D., Bolton, J. S., & Haehnelt, M. G. 2013,
Physical Review D, 88, 043502
Yuan, Q., Cao, Y., Liu, J., et al. 2012, Physical Review D, 86,
103531
Zavala, J., Vogelsberger, M., Slatyer, T. R., Loeb, A., & Springel,
V. 2011, Physical Review D, 83, 123513
